Background Few studies have examined chemotherapy-induced peripheral neuropathy (CIPN) following the administration of eribulin as first-or second-line therapy in patients with breast cancer. We therefore assessed CIPN incidence by severity and risk factors for CIPN in patients treated with eribulin for HER2-negative inoperable or recurrent breast cancer, regardless of line therapy status. Methods This multicenter, prospective, post-marketing observational study enrolled patients from September 2014 in Japan and followed them for 2 years. For this interim analysis, the data cut-off point was in November 2017. CIPN severity was assessed based on the Japanese version of the Common Terminology Criteria for Adverse Events, version 4.0. Results Among 634 patients included in the safety analysis, 374 patients did not have existing CIPN at baseline. CIPN was observed in 105 patients (28.1%), including 67 (17.9%), 34 (9.1%), and 4 (1.1%) patients with grade 1, 2, and 3 severity, respectively. Of the 105 patients, 85.7% patients continued, 7.6% reduced, interrupted or postponed, and 6.7% discontinued eribulin. The median time (min-max) from baseline to CIPN onset was 60 (3-337) days. Multivariate logistic regression identified a significant association between CIPN and hemoglobin level at baseline, starting dose of eribulin, and history of radiotherapy. Conclusions Our findings indicate that, with respect to CIPN, eribulin is well-tolerated, as approximately one-quarter of patients developed CIPN, most cases were grade 1 or 2, and the majority of patients continued eribulin after CIPN onset.
Introduction
Chemotherapy-induced peripheral neuropathy (CIPN) is a common dose-limiting side effect of anticancer chemotherapeutic agents such as antitubulins (e.g., taxanes) and platinum analogs [1] . CIPN is primarily characterized by sensory and motor symptoms (e.g., numbness, tingling, pain in the extremities, and weakness) [2, 3] . A meta-analysis revealed that 30% of cancer patients continued to suffer from CIPN 6 months after chemotherapy, although the prevalence of CIPN decreased over time (68.1%, 60.0%, and 30.0% at 1 month, 3 months, and 6 months or more after chemotherapy, respectively) [4] . Given the progressive nature of CIPN, the persistence of its symptoms even months or years after the completion of chemotherapy [5] , and its detrimental effects on the quality of life of cancer patients [6, 7] , the treatment of CIPN may require dose reduction or cessation of chemotherapy, which may hamper treatment effectiveness 1 3 and influence overall survival [1, 8, 9] . Previous studies have identified several risk factors for CIPN, including obesity [10] , diabetes mellitus [11, 12] , anemia [13] , and reduced creatinine clearance [14] . To date, the pathophysiology of CIPN is not fully understood, and its effective management remains challenging [3, 4] , thus highlighting the need to determine the actual situation of CIPN (e.g., CIPN incidence by severity and risk factors) in clinical settings to facilitate the development of preventive and therapeutic strategies.
Eribulin mesylate (Halaven ® , Eisai Co., Ltd., Tokyo, Japan) is a nontaxane microtubule dynamics inhibitor, which was approved for the treatment of inoperable or recurrent breast cancer in Japan in 2011. Owing to its unique mechanism of action, which is unlike that of other chemotherapeutic agents such as paclitaxel and docetaxel, eribulin exerts antitumor activity and can prolong overall survival in patients with recurrent or metastatic breast cancer with welldefined taxane resistance [15] [16] [17] [18] . However, the underlying mechanism by which eribulin is associated with the development of CIPN remains unclear, given its relatively low incidence reported in the literature [18] [19] [20] .
Few studies on CIPN and eribulin in patients with breast cancer in clinical settings have been reported. Furthermore, data on CIPN in patients receiving eribulin as first-or second-line therapy can be collected only in Japan, as eribulin is approved in the United States as third-or later-line therapy and in Europe as second-and later-line therapy. We therefore conducted a 2-year post-marketing observational study to mainly assess CIPN incidence by severity and risk factors following eribulin treatment in patients with HER2-negative inoperable or recurrent breast cancer, regardless of the patient's line therapy status. Here, we report data from the interim analysis of this study.
Patients and methods

Study design
This was a multicenter, prospective, post-marketing observational study conducted in Japan (ClinicalTrials.gov: NCT02371174). Patients were enrolled from September 2014 and followed for 2 years. The last enrollment was in February 2016 and the last follow-up visit was in February 2018.
For this interim analysis, the data cut-off point was 14th November 2017, and all data collected prior to this cut-off point were included. The final analysis is expected to be performed in 2019.
Eisai Co., Ltd. reviewed the scientific and ethical validity of the study design. This study was conducted in compliance with the Declaration of Helsinki and Japanese Good PostMarketing Study Practice (GPSP), an authorized standard for post-marketing surveillance. In GPSP, approval is not required from either each institution's institutional review board (IRB) and informed consent is not required from the participating patients. However, in practice, IRB approval or informed consent may be obtained if judged necessary by the institution. Personal data related to this study were handled in accordance with privacy protection laws in Japan.
Patients
Eribulin-naïve patients with HER2-negative inoperable or recurrent breast cancer receiving eribulin as first-/secondline or as third-/later-line chemotherapy were recruited in approximately equal numbers. Pre-and post-operative chemotherapy, hormone therapy, antibody therapy, immunotherapy, and local radiation therapy were not included as previous regimens. HER2 status was defined according to the American Society of Clinical Oncology/College of American Pathologists HER2 Testing Guideline Update [21] . HER2-negative status was established if any of the following were applicable: (1) immunohistochemistry (IHC) 0 or 1 +; (2) IHC 2 + and negative gene amplification by fluorescence in situ hybridization (FISH); or (3) negative gene amplification by FISH. For analysis by FISH, HER2-negative status was defined as a HER2/CEP17 ratio < 2.0. The use of other gene amplification tests was also allowed in this study. Patients with severe bone-marrow suppression defined as a neutrophil count of < 1000/mm 3 or platelet count < 75,000/mm 3 , patients with a history of hypersensitivity to the components of eribulin, or pregnant or possibly pregnant patients were excluded.
Eribulin administration
Eribulin was generally administered intravenously at a dose of 1.4 mg/m 2 over 2 to 5 min on day 1 (starting of eribulin treatment; baseline) and day 8 of a 21-day cycle as indicated. A lower starting dose (1.1 mg/m 2 ) was recommended for some patients, such as those with hepatic dysfunction. Dosing was reduced depending on the patient's condition to manage toxicity.
Data collection
Patients were registered by central registration. Patient data were collected via registration forms and case report forms (CRFs). CRFs were collected after the following observation periods: (1) baseline to 6 months, (2) > 6 months after baseline to 1 year, and (3) > 1 year after baseline to 2 years. Patient outcomes (alive/dead) for patients who discontinued eribulin treatment before 2 years were collected until the end of the 2-year period from the first eribulin administration date. For patients who newly developed or worsened CIPN during eribulin treatment and did not recover from CIPN at the time of eribulin completion, CIPN data (e.g., outcome and drug used for treatment) were collected until patient recovery for a maximum of 2 years from the first eribulin administration date. No chemotherapy restrictions were set after the completion of eribulin treatment. Patients with treatment duration of ≥ 2 years were followed until the end of the 2-year period from the first eribulin administration date. Patients who could not be followed because they had died or were transferred to a different hospital within 2 years of the first eribulin administration date were followed for as long as possible.
Assessment
Baseline characteristics (e.g., age, gender, and body weight), treatment history (e.g., operative treatment, pre-and postoperative chemotherapy, and chemotherapy for inoperable/recurrent breast cancer), eribulin administration (e.g., administered date and dose), eribulin treatment status (i.e., treatment continued/discontinued, reason for discontinuation), patient outcome (alive/dead), treatment for CIPN prevention and management, combination therapy (e.g., antineoplastic agents, hormone therapy, and radiotherapy), combination chemotherapy, chemotherapy used after eribulin treatment, and laboratory test results were investigated. CIPN data including severity, date of onset or worsening, outcome, and outcome date were assessed.
Definition
CIPN severity was assessed based on the Japanese version of the Common Terminology Criteria for Adverse Events (CTCAE), version 4.0. For patients without existing CIPN at baseline, CIPN was defined as new onset of CIPN (grade ≥ 1) after eribulin administration. For patients with existing CIPN at baseline, CIPN was defined as worsening of CIPN (grade ≥ 1) after eribulin administration. A return in CTCAE grade to the baseline value was defined as recovery from CIPN. Improvement in CIPN was defined as a CTCAE grade that did not return to the baseline value but showed a ≤ 1 grade improvement from the worst grade with the investigator's subsequent judgment of "improved".
Statistical analysis
For patients without existing CIPN at baseline, the data are summarized in the body of the text. For patients with existing CIPN at baseline, the following data are available as Supplementary Materials: CIPN incidence by severity grade, time to CIPN, outcome after CIPN, and time to recovery from or improvement of CIPN.
Baseline characteristics, CIPN incidence according to severity grade, CIPN incidence according to cumulative eribulin dose, eribulin treatment status after CIPN, time to CIPN, outcome after CIPN, and time to recovery or improvement from CIPN (the period from the development or worsening of CIPN to the recovery or improvement from CIPN during eribulin treatment) were summarized descriptively. For the patients who experienced CIPN during the study period, the time to CIPN and time to recovery or improvement from CIPN were calculated as median days (min-max). To assess the association between a given risk factor and CIPN onset, we conducted univariate and multivariate logistic regression analyses for each factor. First, odds ratio (OR) and 95% confidence interval were calculated for each factor, before a stepwise method was used with selection criteria of p < 0.20. All statistical factors with p < 0.05 were interpreted as statistically significant. All statistical analyses were performed using SAS software version 9.4 (SAS Institute, Inc., Cary, North Carolina).
Results
Patients
Of 651 patients registered from 183 institutions in this study, 634 patients were included in the safety analysis. Of those, 374 patients did not have existing CIPN, 257 patients had existing CIPN, and 3 patients were of unknown CIPN status at baseline. Baseline characteristics of the patients without CIPN at baseline (n = 374) are summarized in Table 1 . The mean ± standard deviation (SD) age of patients was 58.4 ± 11.3 years, and all the patients were female. Overall, 8.0% of patients reported a history of CIPN from previous chemotherapy. Eribulin was started at 1.4 mg/m 2 and reduced dose for 295 patients (78.9%) and 79 patients (21.1%), respectively. The reasons for starting at the reduced dose were mainly due to the deteriorated pathophysiological condition of the patients at baseline, such as advanced age and hepatic dysfunction. The mean (± SD) duration of patient observation was 410.9 ± 242.8 days (n = 372).
CIPN incidence stratified by CIPN severity, cumulative eribulin dose, and eribulin treatment status
Among 374 patients without existing CIPN at baseline, CIPNs were observed in 105 patients (28.1%), including 67 patients (17.9%), 34 patients (9.1%), 4 patients (1.1%) at grade 1, 2, and 3, respectively (Fig. 1) . CIPN incidence stratified by severity among the patients with existing CIPN at baseline is shown in Supplementary Fig. 1 . CIPN incidence stratified by the cumulative eribulin dose is summarized in Table 2 . CIPN incidence was highest (51.1%) among the patients with the highest cumulative eribulin dose (> 22.4 mg/m 2 ). Of the 105 patients who developed new-onset CIPN, 7.6% (n = 8) were managed by a reduction, interruption, or postponement of eribulin treatment; 6.7% (n = 7) discontinued eribulin, and 85.7% (n = 90) continued on eribulin. Of those 105 patients, 44.8% (n = 47) received pharmacological treatment for CIPN, such as pregabalin, goshajinkigan, or mecobalamin.
Time to CIPN onset
The time to CIPN onset is summarized in Table 3 . The median (min-max) time was 60 (3-337) days. Supplementary Table 1 shows the time to worsening CIPN for the patients with existing CIPN at baseline.
Outcome after CIPN and time to recovery or improvement from CIPN
Of 105 patients who had developed CIPN from baseline, 56.2% (n = 59) recovered or improved from CIPN. Median time (min-max) to recovery or improvement from CIPN was 134.0 (5-760) days. Supplementary Table 2 shows CIPN outcome for the patients with existing CIPN at baseline.
Risk factors for CIPN onset
The results of univariate and multivariate logistic regression analyses are shown in Table 4 . Univariate logistic regression analysis showed that BMI, starting dose of eribulin, history of radiotherapy, and hemoglobin level at baseline were significantly associated with CIPN onset. Multivariate logistic regression analysis showed that hemoglobin level at baseline (OR = 2.415, P = 0.004), starting dose of eribulin (OR = 2.748, P = 0.026), and history of radiotherapy (OR = 0.366, P = 0.008) were significantly associated with CIPN onset. CIPN history from previous chemotherapy was not significantly associated with CIPN. No association was found for the number of previous chemotherapy regimens.
Discussion
Given the lack of data on CIPN associated with eribulin as first-or second-line therapy in patients with breast cancer, we conducted a 2-year post-marketing observational study to assess CIPN incidence by severity and the risk factors for CIPN in patients with HER2-negative inoperable or recurrent breast cancer treated with eribulin, regardless of the patient's line therapy status. The overall CIPN incidence was 28.1%, and most cases were grade 1 or 2, with the majority of patients continuing eribulin treatment after CIPN onset. Furthermore, more than 50% of patients who developed CIPN recovered or improved within 6 months. Multivariate logistic regression analysis showed that hemoglobin level at baseline, starting dose of eribulin, and history of radiotherapy were significantly associated with CIPN onset.
CIPN incidence observed in this study was approximately 10% higher than that reported in a previous 1-year postmarketing study of eribulin in Japan (16.8%), although no notable difference in the incidence of high-grade CIPN was found (grade ≥ 3 CIPN: 1.1% and 2.7% in this study and the previous study, respectively) [20] . The reason for the higher CIPN incidence observed in this study is unclear, although it may be attributable to the longer study duration of this study. Additionally, because the study outcome specifically focused on CIPN, increased reporting of CIPN as an AE may have contributed to a possible overestimation of CIPN incidence. When compared with CIPN incidence in a meta-analysis of eribulin, similar results were noted (CIPN incidence in the meta-analysis: 27.5%; high-grade CIPN incidence: 4.7%) [22] . Given that CIPN incidence in this study included patients receiving eribulin as first-or second-line therapy were consistent with previous studies, that most cases of CIPN were grade 1 or 2, and that most patients continued eribulin treatment after CIPN onset, our findings indicate that eribulin is well-tolerated with respect to CIPN, regardless of the patient's line therapy status. Taxane-based chemotherapy such as paclitaxel is reported to induce a relatively high CIPN (58.4-73.0% of patients receiving taxane-based chemotherapy [4, 10, 23, 24] ). However, direct comparison with previous studies is difficult because of differences in study design (e.g., CIPN assessment and study duration), and CIPN incidence in the present study was lower than that observed following taxane-based chemotherapy. Furthermore, in accordance with previous studies, CIPN incidence following treatment with eribulin was relatively low [18] [19] [20] . Preclinical studies have shown that this low incidence might be attributable to differences in the mechanism of action between eribulin and other chemotherapeutic agents (e.g., paclitaxel) [25] [26] [27] [28] , although the underlying mechanism by which CIPN is associated with eribulin requires further exploration. Thus, considering the relatively low CIPN incidence observed following treatment with eribulin, eribulin may represent a more tolerable treatment option for patients with potentially predisposing factors for CIPN (e.g., obesity and diabetes mellitus).
Time to CIPN onset in the present study was notably longer than that reported for taxane-based chemotherapy (paclitaxel and docetaxel), with an average duration of 3.8 weeks to the first occurrence of CIPN in a previous study of taxane-based chemotherapy study [23] compared with the 60 days observed in the present study. As described above, findings from preclinical studies have shown that CIPN may vary in terms of the initiation, progression, persistence, and recovery from CIPN by the distinct mechanistic actions of other chemotherapies (e.g, eribulin and paclitaxel) [25] [26] [27] [28] , indicating that the mechanism of action of eribulin might, at least partially, be responsible for the comparatively long time to CIPN onset observed in this study. Further studies on CIPN and eribulin are warranted to elucidate the mechanism of action of eribulin.
Risk factors for CIPN onset identified with statistical significance in this study were starting dose of eribulin (> 1.1-1.4 mg/m 2 ), hemoglobin level at baseline (≥ 11.5 g/ dL), and history of radiotherapy. Risk factors as the starting dose of eribulin (> 1.1-1.4 mg/m 2 ) and BMI (≥ 25 kg/ m 2 ), which showed no statistical significance in this study, but are reported risk factors for CIPN among cancer patients [29, 30] , may be explained by the dose of eribulin that patients receive. Given their higher body surface area [31] , obese patients typically receive higher doses of chemotherapy than non-obese patients, which may result in a higher CIPN incidence. In this study, those factors might have contributed to CIPN onset among obese patients who received a higher starting dose of eribulin.
In support of this possibility, we found that CIPN incidence was generally higher in patients who received higher cumulative eribulin doses, as shown in Table 2 . Other reported risk factors for CIPN include baseline neuropathy, presence of diabetes, smoking history (pack-year), decreased creatinine clearance, specific sensory changes during chemotherapy, and age [4, 12, 14, 32, 33] . In this study, we found no significant associations between CIPN and several of these risk factors, namely, age, diabetes, and reduced creatinine clearance at baseline. Because the risk factors of CIPN vary depending on the type of chemotherapy, type of cancer, and race, further studies are warranted to more comprehensively identify the risk factors for CIPN induced by eribulin. In a previous study in daily practice, eribulin starting dose was reduced in 23.5% of the patients who would have been ineligible for the phase III EMBRACE study [34] . Similarly in this study, 21.1% of the patients received the reduced starting dose owing to the safety concerns. The package insert in Japan suggests a starting dose of 1.4 mg/m 2 ; a reduced dose of 1.1 mg/m 2 is recommended for some patients (e.g., those with hepatic dysfunction). Hence, because some patients start eribulin at reduced dose depending on patients' pathophysiological condition in clinical settings, the safety results might possibly differ between phase III trials and studies in practice, as demonstrated in a previous study [35] . Indeed, CIPN incidence in this study was lower than the phase III EMBRACE study (PN incidence 35% and 8% for all grades and grade 3/4, respectively) [15] .
Some findings of this study should be interpreted with caution. First, the results could be due to chance owing to the relatively small number of patients included in the analyses. Second, CIPN incidence may have been underestimated, as some patients discontinued eribulin early or died following disease progression before CIPN onset was observed. Third, patients who underwent radiotherapy within the 6 months prior to eribulin administration (baseline) were considered to have a history of radiotherapy. Thus, the effect on patients who underwent radiotherapy before the 6 months prior to baseline cannot be determined. Finally, among the various mechanisms available to assess CIPN severity, the Japanese version of the CTCAE version 4.0 was used, but other methods might have produced different results.
In conclusion, our findings suggest that eribulin is welltolerated with respect to CIPN onset, as approximately onequarter of patients experienced CIPN, most cases of which were grade 1 or 2, and most patients continued to receive eribulin after CIPN onset.
